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ABSTRACT

This report presents the results of a study of the reaction kinetics
of the high-temperature oxidation of alpha binary nickel-silicon alloys and
the thermocouple alloy Nisil. Rates of oxidation at temperatures in the
range from 850 to 12500C were measured by thermooravietric methods under both
isothermal and cyclic temperature conditions for periods of up to 164 h.
Silicon in the alloys provides enhanced protection against high-temperature
oxidation. Of the alloys studied, Wisil - a nickel-silion-maqnesium alloy -

exhibited the greatest resistance to hiqh-temperature oxidation. The
aqreement of the kinetic data with a simple parabolic rate law ws assessed.
For the low-silicon alloy Ni-0.9Si, the parabolic rate constant show d little
variation throughout 164 h oxidation tests, whereas the rate constants for
higher-silicon alloys generally decreased with time. This behaviour is
discussed in terms of the diffusion of reactant* throah the growina oxide
scales, whose composition and mechanical inteqrity may vary with time. An
activation enerqy of 175 t 21 k mol "1 was derived for the high-temperature
oxidation of Wi-0.981.
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HIGH-TENPERATURE OXIDATION OF ALPHA NICKEL-SILICON:

I. REACTION KINETICS - THERMOGRAVINETRY'

1.* INTRODUCTION

A principal propulsion system f or military weapons platform in the
gas turbine engine. Nickel- and cobalt-base superalloy components of the hot
stages of such engines are required to maintain both the required mechanical
properties and surf ace integrity for long periods of time at high temperatures
in an extremely aggressive combustion environment. Attempts to improve
mechanical properties by modifying chemical composition have generally
produced alloys with lower resistance to high-temperature degradation by
processes such as hot corrosion*.

In Australia, excessive oxidation and hot corrosion of gas turbine1
aerofoil components, which operate predominantly in the marine environmnt,
have necessitated replacement of costly superalloy components after relatively
short periods of service. Research at M6M is aimed at finding ways and means r
of inhibiting processes of high-temperature degradation, so that gas turbine
aerofoil components will show more, stable properties and have longer lives.
Tis research includes studies of the indiviftal And synergistic influences Of
certain alloying elements on the high-teimperature air ozdftion
characteristics both of the superalloys themselves and of the metallic

sktis renort is one of a series of mewscpem ety scientific lpapers
(1-7) on research carrieid out In doe Vilb-1~peature Peoperties coup
of Metallurgy Division, HM?, on the high-temperature air oxidation of
sidiel and alpha nicke 1-ailicos.

.4* Rett ooeoIo, In this contest, to defined as the cobime attack on
OW so Gi f I" M119M -~e OW ki*.teb"mr sahmeet gaes

f rome th .sa(wis 00 Mk 4a. hi1FW OWWRAMM 4 asrelLY sUIpr-
beaning) sad 000iesed ohae. (either Mqiid or solid) Im Particular



coatings which are applied to protect them from degradation.

It is vell known that the oxidation resistance of the base metals
nickel, cobalt and iron at high temperatures can be substantially improved by
alloying additions of aluminium and chromium, and also silicon. These
elements increase resistance to oxidation by virtue of the properties of their
oxides which, in general, are more effective barriers to the diffusion of
reactant species, e.g. nickel and oxygen, (see Fig. 1), than the oxides of the
base metal. The protective properties of such oxides have been exploited in
the development of alloys to met the demands of modern technology including
those employed in the gas turbine engine. Although considerable progress has
been made in formulating superalloys to satisfy the demanding requirements of
the gas turbine, the contribution of individual alloying elements to the
oxidation and hot-corrosin resistance of these .ulticomponent alloys is far
from being well understood. This situation is exemplified by statements such
as *the addition of silicon (to superalloys) has a marked effect in reducing
the susceptibility to 'green-rot'* attack. The mechanism by which this works
is not clear" (8).

In the past, in imparting high-temperature corrosion resistance to
both the superalloys and their protective coatings, main reliance has been
placed on the alloying elements chromium and aluminium. The full potential of
silicon in this role seem not to have been realized, either in alloys or in
coatings. The use of silicon in conventional superalloys has been limited to
an extent, because of the deleterious effects which this element has upon
mechanical properties (9). It is believed, however, that no such limitation
exists in relation to the beneficial effects which silicon may have in
enhancing the high-temperature corrosion resistance of metallic coatings, such
as those which rely for protection on oxide layers of alumina or chronia over
coating alloy structures based in NiAl or CoAl.

This report presents the results of a study of the reaction kinetics
of the high-temperature oxidation of the alpha binary nickel-silicon
(a-i-si) alloys. Pure nickel is included in this study because it serves as t

a basis for comparison for the alloys. A onplementary report (6) describes
metallographic studies of the oxidized samples, In which the oxides
responsible for improving oxidation resistance are characterized. The
s-Ni-Xi alloys themlves are of little technological significance, but

studies such as this provide a necessary base for a better understanding of
more complex systems such as the thermoul e alloy Nisil, Ni-4.4Si-O.1kg e

(10), which Is also included, and hiUgh-tomperature gas turbine iterials.

Only a few studies of the kinetics of the high-temperature oxidation
of sl.-Ni alloys have bon reported. ai'ldeporn and egellberg (11)
studied the ousiation in air of various alloys of 0.9 to 6.4 Bi at 1000, 1100

* 'gres-cot' Is gemerally regarded as being a form of ccelerated selective
oxidaties AwL scas in PartiAy oxliziaw atomarbhere

tug on 006 #ep 3r " allo osifte aeqiroese as Paeostaa by egt.
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and 12000C for periods of 10 and 50 h. Saegusa (12) reported studies in pure
oxygen of various alloys of 0.5 to 3.2 Si. isothermal experiments were
carried out at 800, 1000 and 12000C for 16 h periods, and alloys were also
oxidized with the temperature increasing from 300 to 13000C at a rate of 40C
min- 1 . in another study, Kerr and Sinkovich (13) oxidized various alloys with
silicon concentrations up to 10.0 percent in pure oxygen at 10000C for 33 h.
In the present work, a number of different alpha alloys were heated for longer
times, usually 164 h, and the accuracy of the weight and temperature data is
substantially improved (1,2) compared with previous studies.

2. EXPRIDCMTAL TECNIQ(ES

The quantitative characteristics of the oxidation kinetics of the
alloys under study were determined thermogravietrically by continuously
monitoring the weight of samples heated in air at temperatures in the range
850 to 12300C. Por a-Wi-Si alloys oxidized under these conditions, weight
losses due to volatilization are negligible, and the measured weight gains can
be considered to be due to oxygen uptake. Uperiments were initiated by
elevating the preheated furnace to surround samples suspended from a Cahn RE
microbalance, thereby heating then to the experimental temperature within a
few minutes. fte theruogravinetric equipment, and the special techniques used
to minimise uncertainties in the weight-gain and temperature data, are
described elsewhere (1,2).

All thetrogravimetric experiments were duplicated to assess the
reproducibility of the weight gain curves. For cames where a duplicate
experiment yielded a significantly different weight gain curve, an averaged
crve is presented, and error bare are used to represent the deviation of the
individual experiments (see for example rig. 2).

from wire supplied by the manufacturer in the bright annealed condition,

except for 31-4.781 which was supplied with a thin black oxide coating. Alloy
omositions are given in Table 1. Since oxidation rates are often sensitive
to the preparation of the specimen surface, a preparative procedure (3)
designed to produce alnimam surface damage and deformation was used. This
procedure, which has the advantage of yielding oxidation rates for nickel
whose repeatability is nxceptionally high (3), involved the following
sequential steps -

(1) *riading Ike outermost part (130 vm of radius) of the rod was
removed by cylindrical grinding with a ftne-gruimed silicon carbide
Wbel taki successive shallow cs of 2.5 om.

(i) Immeaag, IMo gromnd samples wer amealed is arge (oagM partial
* pasure <06 VS) fo 30 iLa at We.

(iLL) 1biags lbe samplsee ware gsitV abraded is a slowly routag
smpsam of S wm almun powder in avlatiom-grade keroeme,
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together with nickel balls. The tumbling removed approx. 0.1 jUm of
metal surface during a period of 100 h, including the thin oxide
which formed during annealing.

(iv) cleaning: he samples were cleaned ultrasonically in distilled
water, ethanol and petroleum ether, and vapour degreased in petroleum
ether and acetone.

3. OXIDATION KINETICS

3. 1 Isothermal Oxidation

Oxidation kinetics for various alloys were determined at 1000, 1100
and 12000C. Specific weight gains at 11006C, the temperature at which the
most comprehensive range of alloys was studied, are shown in Figs. 2, 3 and 4
for short-, medium-, and long-term exposures. The curves show that, apart
from only a few exceptions which are discussed below, the higher the silicon
concentration in the alpha alloys the greater the oxidation resistance. he
degree of oxidation resistance so imparted is significant, particularly after
extended periods of time at high temperatures. Flor example, after 160 h at
11006C, Ni-5.2S1 gained only eight per cent of the weight gained by pure
nickel.

In the early stages of oxidation (t < 1 h), the alloys with lower
silicon concentrations oxidized at slightly faster rates than did pure nickel
(see rig. 2); after extended periods of oxidation, however, all the alloys
examined showed increased oxidation resistance (Fig. 4). The a-Mi-Si alloys
thus can be considered in tweo groups of higher- and lower-silicon 1
concentrations. The lower-silicon alloys, N1-0.98i and 31-1.981, had
oxidation rates at 11000C which, for the first few hours, were very similar to
the rate for nickely alloys with silicon concentrations ) 3.1 per cent,
however, showd marked deviations from the nickel rate after 10 sin.

A second and partial eception to the rule that increase in silicon
concentration imparts greater oxidation resistance to a-Mi-Si is seen in
Fig. 4. Although the rates for 31-4.281 and 3i-4.78L were less than that for
3i-3.18i during the early hours of oxidation, the oppoeite me true for the
longer term of exposure.

The influence of temperature on the oxidation rates of a lower-
silicon alloy, 3-O.94i, and a bigher-silioon alloy, 3L-S.28L, is shown
graphically in rig*. S and 6, respectively. 2he square of the specific weight
gain is plotted to allow esier assesment of omtfotmity with a simple
parabolic rate law (see 'Discussio' ). ie ddation rate for mi-0.93i
increased rapdsly with increasing tesmper., Anoa the rate for 3i-5.231
wae virtmally insensitive to temperatare m i atea.
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over the long term, the oxidation rate of isil was less than that
of any of the binary a-Ni-Si alloys.

3.2 Cylic Temperature Oxidation

The effects of temperature cycles on the oxidation rates of selected

alloys was investigated. The results supplement the information on the
influence of temperature on oxidation rates presented in Section 3.1, and also
yield information on the effect of cyclic temperature-induced oxide spallation
on the oxidation rates.

Fig. 7 shows the weight gains for the alloys Ni-0.9Si and Ni-5.2Si
as their temperatures were cycled continuously in the range 850 to 12500C at a
precisely controlled rate in the range 1.00 to 1.120C m 1n- 1. Weight gains for
Ni-5.2Si were over an order of magnitude less than the gains for Ni-0.9Si.
For ni-0.9Si the rates of oxidation, which are very nearly proportional to the
slopes of curves in Fig. 7, increased rapidly with temperature. This result
is consistent with rig. 5. The rate of oxidation at particular temperatures
decreased progressively with increases in the total number of temperature
cycles, as the oxide thickened. When the change in oxide thickness during a
complete cycle became small compared with the total oxide thickness (e.g.
cycle 7 in Fig. 7), the weight gain curves became symmetrical, with the
oxidation rate for particular temperatures being almost equal for both
increasing and decreasing temperatures. This was not so for Mi-5.2Si, as can
be seen from cycle 9 in Fig. 7. For this alloy, oxidation rates at particular
temperatures were such larger during the heating half of the cylce than during
the cooling half. In fact, negative oxidati n rates, corresponding to a small
net weight lose of approximately 0.02 mg c4- , were observed as the
temperature decreased through the range 1200 to 11700C (see Fig. 7). A
duplicate experiment with Wi-5.2si revealed the same effect but with a smaller a
magnitude. In contrast to the results shown in Fig. 7, the dvlicate
experiment also revealed weight losses of apperox. 0.05 mg cm7 as the
temperature decreased from 1020 to 9206C. fhese weight losses appear to be
real and not the result of gas forces in the furnace (1), as tests with inert
alumina samples faild to yield similar weight changes when the temperature
was cycled. It is possible that this weight lose is caused by the spallation
during cooling of very small particles of oxide, too small to be detected
individually by the microbalance.

the oxide sules on alloys with 81 * 3.1 detached almost completely
froa the alloy as oxidised samples were cooled from high temperature to room
temperature. On the other hand alloys with 81 4 1.9 tended to retain their
oxide scale during cooling to room temperature. Fig. 8 compares the oxidation
of a Nt-S.2i sagle which was first oxidized for 14 h at 1000"C, and then
reheated after the oxide scale had spalled daring rapid cooling to room
temperate@. A lomr oxidation rate wa observed during the reheating.

Mnether example of the effect of temperature cycles on the oxidation
of VL-S.28L is chma in Pig. 9. re, the temperature has been lowered to

~402C ad 30*20C in two aycles after isothermal oxidation at 1OOOC for
62 he I eetrast to the results depicted in fpig. 0, practically none of the
oxide had splled after these cycles, aldhoh the rapid oxidation observed as L

s ,l



the samples resumed a temperature of 10000C indicated cracking or partial
detachment of the scale. After several hours, the oxidation rate had slowed
to a value similar to the rate prior to the temperature cycling. For Nisil,
Fig. 10 shows that a cycle from 1100 to 7200C and back produced some damage to
the scale, but no gross oxide spallation.

4. DISCUSSION

4.1 Derivation of the Thickness of Oxide and Consumed-Metal from
Thermogravimetric Data

The measurement of the amount of oxide formed for particular alloys
(as in Figs. 2 to 7) provides important data for assessing the suitability and
lifetime of alloys for high-temperature applications. The thickness of the
oxide film, the quantity of metal consumed in oxide formation and, most
importantly, the remaining quantity of useful metal can easily be calculated
(1) when a single external oxide phase is formed, e.g. nickel oxide NiO on
nickel.

For Ni-Si alloys the oxide phases IO, silica SiO and nickel
silicate NiN8iO4 form externally on the alloys (6). in addition to these
external oxds, the lower-silicon alloys e.g. ni-0.98i and Ni-1.9Si form
internal precipitates of 8i0 2 in the alloy matrix (6). Thermogravimetry
determines the overall weight gain due to formation of all oxide products,
both internal and external, so the exact calculation of oxide thickness, and
the depth of metal affected by oxidation is not possible from weight gain
curves such as those in Figs. 2 to 4. Good estimates can be made, however, of
the thicknesses of the external oxides at any time by using the conversion
factors in Table 2. These factors give the external oxide thickness per unit
of specific weight gain,, the thicknesses having been measured either from V
micrographs of polished oxide sections (6) or from precise measurement of
detached oxide pieces. The conversion factors show a progressive increase
with increase in silicon content of the alloy. It is instructive to compare
the thickness values of Table 2 with theoretical values based on densities of
oxides (14), which for 010, SiO and 1i 2 9i04 are 7.0, 8.3 and 6.7 Im per mg
ca' of oxygen. The lowering o the experimental value for nickel below 7.0
is due to the foma-ti o of intergranular oxide (10 to 15 per cent of total) in
the substrate metal (6). So increase in the experizental values with
increased silicon content in the alloy results from an increased fraction of
8102 in the oxide (6). A comparison of theoretical and Table 2 values of
thidkmess suggests that (I) the solid state reaction product ViOI, which
fot8 at lest to ecme extent from the primary oxides W1O and SIOa2 (), causes
little contraction of the overall oxide thickness, ad (ii) the oides formed
on the higher-silcon binary alloys (toil) 3.1) are somewhat porans, being
thicker than predicted an the basis of theoretical densities and

- C - thenmogavetrVic data.

Relos 4Wv a eltw mestiins of the thisoaM of metal oontem
b y Oxidation# om , e te rinaiiu quottity of afel It l, ae be made
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from the thermogravimetric data for the alloys forming only external oxides.
For pure nickel, the factor for metal comsumption as nickel is converted to
nickel oxide is 4.1 um of metal per mg cm-2 of weight gain (1). Pure silicon,
on oxidation to silica, has a consumption factor of 3.8 Um per mg ca of
weight gain (1). If the atomic sizes of nickel and silicon in the alloys are
assumed to be approximately equal to their respective elemental values, a
consumption factor of 4.0 j 0.1 us of alloy per mg cm 2 of weight gain applies
for alpha alloys with [Si] > 3.1.

or the alloys which form both internal and/or grain boundary oxides
i.e., Ni-OSi, Ni-0.98i and Ni-i.gsi, accurate estimates of the thickness of
consumed metal cannot be made from thermogravimtric results, and
metallurgical information is required to complement the weight gain data.
Consideration of the significant effect of consumed metal must generally take
into account the effect of the non-external oxide on the property of
interest. For example, with the 3 am diameter nickel rods exposed at high
temperatures in this study, about 20 per cent of the total original quantity
of metal was oxidized, and most of the oxide was external. However, the 10
to 15 per cent of the intergranular oxide which formed throughout the metal
reduced the mechanical strength of the remaining metal to such a low value
that the whole rod could be considered to have been effectively consumed. The
effect of internal oxides in Ni-0.98i and i-1.9Si, by contrast with the
intergranular oxides in nickel, is limited to depths only of the order of the
thickness of the external oxides (6). moreover, such internal oxide
dispersions of Si0 2 could even have a strengthening effect on the alloy.

4.2 Agreement of the Thermogravimtric Data with Simple Rate Laws

Por metals which form compact, adherent, relatively thick oxide
film (>0.6 um (15), the thickness regime of the present study), the
thermoqravimetric data are expected to agree, at least approximately, with a
parabolic rat law, for which the oxidation rate is given by

d(W/) -1~ (1)1
dt 2 (AW/A)

where A/A, the weight gain due to oxide formation per unit of surface area A,
is linearly related to oxide thickness, and t is time. The- rrabolic rate
constant, kp, is expressed usually in units of (g of 0)2 c s *

- 1 . If k n is
independent of time, equ. (1) can be integrated to give the more familia? form
of the parabolic rate law

(AW/A) = k pt (2)

uqns. (1) and (2) can be obtained simply from the intuitive
assumption that, as the oxide scale thickens, the oxidation rate decreases
according to ae. (1). A ore fundamental derivation of the parabolic rate
law, which leads to a better understanding of the basic processes of high
temperature oxidation, haM been provided by wagner (16). Rie model assumes
that either the diffusion of reactant ios or the transport of electrons



through the growing oxide scale (see Fig. 1) is the step which determines the
rate of oxide growth. In other words, the reaction steps which occur at
metal/oxide and oxide/gas interfaces are rapid compared with the diffusion of
reactants, e.g. nickel and oxygen, through the scale. These rapid interfacial
reaction steps include the adsorption and dissociation of diatomic oxygen and
the creation of metal ion vacancies, all of which occur at the oxide/gas
interface, and consumption of metal ion vacancies at the metal/oxide
interface.

The rate of oxide growth therefore depends primarily on the
properties of the oxide scale, in particular its defect structure and
electrical conductivity. NiO is a p-type electronic semiconductor, and it is
the diffusion of reactant ions through the scale, and not the accompanying
electronic transport, which governs the oxidation rate. The parabolic rate
constant is given by eqn. (3) as

0~p0 2

k = (p KO/MNiP) 2 1. (DN. + 0) dln p (3)

PO
2

for which p io is the density of NiO,

No is the atomic weight of oxygen,

Kti 0 is the molecular weight of NiO,

pO and PO are the oxygen pressures at the metal/oxide and
2 2

oxide/gas interfaces, respectively, (see Fig. 1),

D., and 0O are the lattice diffusion coefficients of nickel

and oxygen in the oxide, and

a and r are the ionic charge for nickel and oxygen, respectively.

Eqn. (3) can be simplified by noting that

(i) Dji >> Do at oxygen pressures of the order of Po (17),

(ii) although DNi decreases and Do is expected to increase as

PO decreases to p 0 (18), Do will not make a significant

contribution to the integral in eqn. (3) because oxygen defects are

minority defects over the whole stability range of NiO (18),

8 I



(iii) a/r for Ni0 is unity, and

(iv) the diffusion coefficient DNi has a dependence on p 0 2 (16) given
by eqn. (4)

D =D 1/n(4DNi - Ni p02 (4)

where Dr. is the diffusion coefficient at the convenient reference pressure
1.0 atm of oxygen. For singly charged vacancies n has the value 4 and for
doubly charged vacancies it is 6; these are the two species generally
considered to p, dominate at temperatures around 11000 C (19).
Sqn. (3) then reduces to

k -n (PN /N ) 2  (Po2) I/n Dr (5a)p = 0 NiO 0 Ni

For oxidation in air at 1 .0 atm, p0 0 0.21 atm and eqn. 5(a) becomes
02

for singly charged vacancies kp - 5.5 Dr (5b)
hi Ni (b

and for doubly charge vacancies k M 9.4 D r (5c)

with kP having units of g2 cm-4 S- when Di has units of cm2 S1

Parabolic rate constants for the oxidation of Ni at 11000C,
calculated from eqns. (Sb) and (5c) and literature values for the diffusioncoefficient D r , are included in Table 3. The values differ by more than an

order of magnId, probably due to the sensitivity of the defect structure
and doping effects in N.0 to even relatively low concentrations of
impurities (29). Parabolic rate constants derived directly from oxidation
experiments, including those from this study, are also listed in Table 3, and
they too differ considerably. It can be seen, however, that the range of the
k_ values calculated from diffusion coefficients coincides reasonably well
wth the range of experimentally derived values. It can be argued, therefore,
that the Wagner model provides a useful basis for understanding the high-
temperature oxidation of nickel and its dilute alloys, and focusses attention
on the importance of diffusion of nickel through the growing oxide scale. It
should be remembered, however, that the oxidation of nickel is quite complex,
with the rate depending strongly on purity, surface preparation (3) and
specimen geometry (29,30). Furthermore, while outward diffusion of nickel
ions through the Nio scale is the dominant lattice diffusion process, inward
diffusion of oxygen via oxide grain boundaries also contributes to the
oxidation rate (31).

The Wagner model predicts values of k. for nickel which agree only
apiroximately with the observed values. Mreover, the greater complexity of

9



the oxidation of a-Ni-Si alloys, with scales composed of NiO, SiO 2 and
Ni2SiO4 (6), precludes a simple, basic quantitative description analogous to
the Wagner model for nickel. Nevertheless, the defect structure and diffusion
properties of the oxides provide a good qualitative understanding of the
observed oxidation kinetics.

In the oxidation of silicon, at temperatures in the range 900 to
12000C, oxygen diffuses through SiO much faster than does silicon, but the
oxygen diffusion coefficient is at least three orders of magnitude smaller
(22) than the nickel diffusion coefficients presented in Table 2. Since the
diffusion rate of nickel through Si0 2 would likewise be expected to be several
orders of magnitude less (32) than the diffusion rate of nickel through nickel
oxide, any Si0 2 in the oxide scale will be an effective barrier to the
diffusion of the reactants nickel, silicon and oxygen. The oxidation rate for
Ni-Si alloys will therefore be reduced significantly when silica is
incorporated in the oxide scale. This reduction in oxidation rate will be
greater for higher volume fractions of SiO 2, and for film-like SiO 2 morphology
which will have optimum effect as a barrier to diffusion across the scale.

The spinel nickel silicate Ni2Si04 has been identified in the scale
on a-Ni-Si (6). It is likely that, after long periods at high temperatures,
much of the SiO2 originally present in the scale will have reacted with NiO to
form Ni2 SiO4 . Little is known about the details of the diffusion mechanisms
for these oxides, but from structural considerations it appears that the
diffusion paths are complex (33). Various spinel oxides exhibit low diffusion
rates (33), and from Fig. 4 it seems likely that Ni2SiO4 is no exception.

The measure of agreement of the experimental data for the oxidation

of a-Ni-Si alloys with a general parabolic rate law can be assessed in two
ways. In the first method, the instantaneous value of k is calculated using
eqn. (1). The oxidation is assumed to be basically diffusion controlled, but
it is recognized that k may vary with time due to changes in the diffusion
characteristics of the cale. Such changes can readily occur in long-term
alloy oxidation, as changes in the scale composition and morphology are likely |
to occur as the oxidation proceeds.

Values of k. as a function of time for oxidation in air at 11006C
are presented in Pigs. 11(a) and 11(). The rates of oxidation
d(AW/A)/dt, or alternatively d(Aw/A) /dt, required for evaluating kp from eqn.
(1), were calculated using eqn. (6), namely (34),

-2y_2 -Y1Oa + " +2 -2 (6)

This equation is based on a least-squares minimization and givs the slope of
a function y(t) at (t , ) in terso of neighbouring points (t 2y.2),
(tilry.1), (tJOy I ) and (t2,y2 } which are "Vacated from (too 1 yoC
- t, -At, At and A£t , respeltJvely. 2b alM Rl.-O. oxidises at 1100oCwith a remarkably contant value for kp for tie fro 0.1 to 160 h. Nickel
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gives a similar constant value to 20 h, but the value increases between 20 and
160 h. The occurrence of this increase, following a relatively long period of
constant k., suggests that for nickel a new factor, in addition to the usual
diffusion Processes, becomes significant. Mechanical failure of the thick
oxide scale due to stresses occurring during oxidation (3,31) provides a
possible explanation for this behaviour. If this is so, the silicon in the
alloy Ni-0.9Si has very little apparent effect on the diffusion properties of
the oxide scale formed during oxidation, since kp for Ni-0.9Si is nearly equal
to the early value for nickel.

The alloys with Si contents of 1.9 per cent or higher all give
k values which decrease with time in the initial stages of oxidation (see
Fgs. 11(a) and 11(b)). In some cases, however, e.g. Ni-4.2Si and Ni-5.2Si,
detectable increases in k occur as the scales thicken, again due possibly to
the influence of oxidatiog stresses on the scales. The decrease in kp with
time for these alloys is most probably a consequence of an increase in the
volume fraction of Si0 2 in the scale during oxidation. This mechanism can
readily be appreciated for Ni-i.9Si, in which silicon is oxidized to Si0 2
internally; the surrounding nickel substrate is subsequently oxidized to form
an inner layer of the external scale (6) as the reaction front at the
alloy/scale interface recedes. For the externally oxidizing alloys (4.2, 4.7
and 5.2Si) also, progressive Si0 2 enrichment of the scale will occur. This is
because silicon depletion of the unoxidised alloy substrate extends to
significant depths after 164 h at 11000C (6), and silicon oxidizes
preferentially to nickel at the metal/oxide interface due to its greater
negative free energy of formation (29). In the initial stages of oxidation,
when the oxidation is the most rapid and the supply of oxygen to the metal is
relatively unhindered by oxide diffusion-barriers, the silicon-to-nickel
cation concentration ratio in the scale is expected to approximate that of the
alloy prior to oxidation. This stage of the oxidation rapidly gives way to
the oxide-diffusion controlled stage. During this stage the oxidation rate
steadily decreases with time, and the diffusion of silicon outward through the
alloy to the metal/oxide interface, and its preferential oxidation there, •
results in a continuous increase in the fraction of SiO2 (or Wi2 Si04 ) in the
scale, and hence a decrease in k.. 2:

in the second method of assessing the measure of agreement of the
oxidation data with the parabolic rate law, a general rate law of the form

(AN/A)• - k t (7)

is assued to apply with k in this case being independent of time. The value
of the exponent a is obtained from the slope of a plot of log (AV/A) versus
log t. 2he data for oxidation at 110000C have been treated by this method in
Fig. 12, and values of i are given in Tkble 4(a). Values of a for a lower-
silicon alloy Xi-0.98i and a higher-silicon alloy wi-5.28i at 1000, 1100 and
1200°C are show- in Tble 4(b). i-0.98. iven values of a close to the
parabolic value of 2.0 for the three teeraturess A1. also gives values of a
CoOe to 2.0 at 11000C, but only for the time range 0.1 to 20 h. The other
alloys in noet oasse have values of a greater than 2.0. pertoularly during
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the first few hours of oxidation, thus their rates of oxidation decrease with
time more rapidly than would be expected from parabolic kinetics. isil, the
most oxidation resistant of the alloys studied, gives very high values of a
during the first hours of oxidation at 11000C. Apparently, a thin but highly
protective oxide film formes in the first few minutes of exposure at high
temperature, and the high value of m during the first hour suggests that the
protective nature of the scale continues to be enhanced during this period.
Such a conclusion needs further careful consideration, however, because of the
magnitude of experimental uncertainties inherent in the measurement of these
very low rates of oxidation (see error bars on Fig. 1 2).

4.3 Influence of Ifmtperature on Oxidation

Experimental results showing the influence of temperature on the
oxidation of a lower-silicon alloy (ni-0.98i) and of a higher-silicon alloy
(Ni-5.2Si) are presented in Figs. 5 to 7. he Wagner model and its
application to the high-temperature oxidation of nickel at 1100°C was
discussed in the previous section, and it also serves here as a useful basis
for understanding how temperature influences the oxidation of nickel and a-Ut-
Si alloys. For nickel, equs. (Sb) and (Sc) show that the parabolic rate
constant k is simply related to the diffusion coefficient of nickel ions in
NiO. Sinci the diffusion coefficient has an Arrhenius dependence on
temperature, given by

D - Do exp (-/ T) (6) F
where Q is the activation energy, k. will have nearly the same temperature
dependence, since the temperature vAriations of the other term in eqs. S(a)
are comparatively small. It should be remembered, however, that the nature of F
the diffusion processes controlling the oxidation are likely to change with
temperature. At intermediate temperatures, defined by Lawless as 200 to 8000C
(15), grain boundary diffusion will generally be more important than lattice
diffusion. At high temperatures i.e. above about 10006C for NIL, the
activation energy Q for grain boundary diffusion is generally such les than
that for lattice diffusion (16), making lattice diffusion the dominant
diffusion process. Ivan in the high-temperabre range, the mechanisn of
lattice diffusion can vary with temperature. For example, Fraei and Wagner
(24) infer from their studies of the oxygen pressure dependence of the
oxidation of nickel that, at 1300 and 1400C, diffusion occurs via singly
charged vacancies (e. (Sb)) ile, and at 1000 and 1100C, it occus via
doubly charged vacancies (eq. (Sc). fr the aiL-ft alloys, the temperature
dependence will also be influenced by the additional complexity that the
composition and morphology of the scale will depend on the entire temperature
history of the sample.

As noted previously, the silicon ooetent of the alloy RlI-0.Ji1
appears to hav had very little affect, at I109, on the diffusion of
reactants through the aside eri. For this alloy, Use toemtere deseieoe
of the oxidatto pees oem probably be 1 rlived Is trn of a siqle
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activation energy Q, with any variation in oxide scale composition with
variation in temperature having little influence. An Arrhenius plot of the
data from Fig. 5 is shown in Fig. 13, from which Q can be obtained from the
slope.

Kofstad (35) gives another method of experimentally deriving
activation energiesi it involves heating alloys at precise rates of
temperature variation, such as were used to obtain Figs. 7 and 8. Te method
combines eqns. (1), (5) and (8) to yield, for the case of parabolic kinetics,

In (AN/A) + in d(AW/A)/dt - n B - Q/R T (9)

where the constant B is relatively independent of temperature. A plot of the
left-hand side of eqn. (9), as a function of reciprocal temperature for the
alloy Mi-0.9Si, is presented in Fig. 13, from which Q can be derived from the
slope. Fig. 13 shows the data for the two complete cycles of temperature
850 to 1250 to 850°C. Apart from the lower temperature regime, where
experimental uncertainties are greatest due to low values of the oxidation
rate and where lattice diffusion is probably less important than grain
boundary diffusion, the data can be well fitted to a straight line to yield
the activation energy Q. eight gain data from duplicate experiments each
consisting of 13 complete temperature cycles (see Fig. 7) were treated in this
way. he average activation energies in the range 950 to 12509C for each
half-cycle of temperature are plotted in Fig. 14, together with the least-
squares correlation coefficient y, as a function of the temperature half-cycle
number. For one of the duplicate experiments, Q values obtained during the
cooling half-cycle were substantially higher than those from the heating half-
cycle. As thee high values had associated correlation coefficients y < 0.98,
they were considered to be less reliable than the other values. Averaging the
39 values of Q for which y > 0.98 yields, for li-o.gSi at temperatures from,
950 to 12500C,

Q -175 *21 W solA

?his value can be compared with the values derived from isothermal experiments
(see Fig. 5). calculation of Q using *qas. 2 and 8, and Fig. S, yields an
activation energy of 160 k1 mol " for t mperatures from 1100 to 1200C, and an
activation energy of 220 to 250 k ool from 1000 to 11000 C. Thus there is
good agreement over the range 1100 to 1200C. A determination of the
activation energy from TKofstad's varying-temperature technique (35) is
considered to be the sore reliable, for two reasons. First, it effectively
assesses Q at all temperatures in the range of interest, whereas Fig. 5
contains data for only three temperatures. Secondly, the varying-teqperature
method utilses the sa alloy samples over the whole temperature range. he
advantage of this can readily be assessed from the scatter of k values from
duplicate experiments in Fig. 5 and the large unoertainty so Ln.roduCed to Q.

uotbvithetading, the isothermal and varying-temperature techniques should be
regarded as complentary. Zsothermal experiments are necessary to establish
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whether the kinetics are, in fact, parabolic over the temperature range of
interest. Furthermore, as discussed previously, evaluation of activation
energies is probably only profitable when the diffusion properties of the
scale depend mainly on a single component. This appears to hold for the alloy
Ni-0.9Si, because the experimentally derived activation energy agrees well
with literature values for the oxidation of pure nickel, which have been
summarized by Tomlison (28). The values range from 142 to 286 kJ ol1, with
recent values of 226 192, 180 and 159 kJ mol - , and Tomlinson's
174.4 t 13.6 kJ mol-

Treatment of the data in Fig. 7 for the higher-silicon alloy
Ni-5.2Si by the method of Kofstad (35) failed to yield a constant value of the
activation energy. This is not unexpected, since the composition of the scale
will vary with both temperature and time. The time dependence of the fraction
of Si0 2 in the scale has been discussed previously, and Fig. 6 provides
evidence that, for isothermal oxidation, the scale composition does indeed
vary with temperature. For the temperatures 1000, 1100 and 12000 C, there is
virtually no increase in k , whereas an increase by a factor of 9.4 is
expected on the basis of ;K activation energy for the oxidation of Ni-0.9Si,
by a factor of 7.3 based on the activation energy for nickel diffusion through
amorphous $i0 (32); and by 4.6 or 2.4 based on the activation energy for
the oxidation Oi silicon in dry or wet oxygen, respectively (22). Apart from
the possibility of formation of a different allotropic form of S102 at the
higher temperatures, the relative independence of k with respect to
temperature therefore indicates that the fraction oY Si0 2 in the scale
increases with temperature.

Fig. 7 shows that, under conditions of varying terature, the
oxidation rate for the higher-silicon alloy Ni-5.2Bi has complex dependences
on both time and temperature. During the first cycle of heating from 850 to
1250°C the rate of oxidation, which is adequately measured by the slopes in
Fig. 7, increases rapidly as the temperature rises from 1000 to 1100C. This
behaviour can be contrasted with the data in Fig. 6, for which the oxidation
rate constants are relatively independent of temperature. During the period
when the oxidation rate is increasing, the protective qualities of the scale
are obviously being enhanced, since very low oxidation rates are observed for
similar temperatures during the subsequent cooling part of the cycle. During
cooling, the scale appears to suffer sam mchanical damage, due presumably to
mismatch of the coefficients of expansion of the oxide and the alloy. This is
shown by the oxidation rate for a particular temperature being faster during
the next heating cycle than It me during cooling. no gross spalling of the
oxide occurs for temperature cycling between 850 and 1 20°C.
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TABLE 2

THICKNESS OF EXTERNAL OXIDE PER UNIT OF WEIGHT GAIN

oThickness/specific weight gain,
Alloy -

u/(mg of oxygen cm
-2

Nickel-270 6.1 * 0.3

Ni-0.9Si 7.1 * 0.4

Ni-1.9Si 7.5 * 0.6

Vi-3.1Si 8.9 * 1.0

Vi-4.2Si 8.7 * 0.7

3i-4.781 10.3 * 0.7

Vi-5.28i 10.6 1.2

vigil 6.3 ±1.3

:.:l.
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TABLE 3

COMPARISON OF k. VALUES DERIVED FROM DIFFUSION COEFFICIENTS AND

FROM OXIDATION EXPERIMENTS AT 1100 0 C IN AIR

D r (ag) Ref. k kp kp Ref.
Ni p

[from eqn. (5b)] [from eqn. (5c)] [from oxidation]

cm2 s-1  g2 cm-4 s-1 g2 cm-4 s-1 g2 cm-4 s-1

1.0xio 1 1 (20) 0.55x10- 1 0  0.94x10 - 10 15x10 - O(be) (3)

1.1x10 - 1 1 (21) 0.61x10 - 10 1.0x10 - 10 4 .3 10 -1O(ce) (3)

1.6 x10
- 1 1 (22) 0.88x10 " 1 0  1.5x10- 10  

6 .0x1 0-O(d
e ) (3)

3.5x10 - 1 1 (22) 1.9x10O10  3.3x10 - 1 0  1.7 to 2 7x1 0 -10(f) (23)

6.8x10 " 1 1 (22) 3.7x10 " 1 0  6.4x10- 1 0  
2 o3x 1 0 -1O

(g ) (24)

17x10 -11 (22) 9.4x10 " 10  16x10 0  
2 .5x 10

-1O(q) (25)

5.0x10-  (26)

3 0 -1O(c,g) (27)

5xi0-1O(gh) (27)

1.6x10- 10  (28)

(a) Results from tracer studies have been multiplied by 1.29 to correct for
correlation.

(b) Nickel surface prepared by abrasive tumbling prior to oxidation.

(c) Surface annealed prior to oxidation.

(d) Surface ground prior to oxidation.

(e) Average value for the period I to 10 h.

(f) This range of values includes many of the early studies;
the higher kp values may well be a consequence of the less
pure nickel used for early studies.

(g) A pressure dependence k, a p 1 / 6 was used where experiments
were performed at oxgefi pressures other than 0.21 atm.

(h) Surface abraded prior to oxidation.
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TABLE 4(a)

VALUES(a) AT 1100*C FOR THE EXPONENT m IN THE RATE EQUATION (AW/A)M = k t

Alloy m for period m for period m for period
0.1 h < t < 1 h I h < t < 10 h 10 h < t < 164 h

Ni-270 1.86 1.96 1.80
Ni-270 1.89 1.94

Ni-0.9Si 1.95 2.01 2.06
Ni-0.9Si 2.01 2.04 2.03

Ni-1.9Si 2,35 2.7 2.6 to 2.3
Ni-1.9Si 2.29 2.6 2.4 to 2.2

Ni-3.1Si 4.0 to 3.5 3.5 to 2.7 2.7 to 3.6
Ni-3.1Si 4.0 3.0 3.0

Ni-4.2Si 2.7 2.3 2.3 to 2.0
Ni-4.2Si 3.0 to 2.5 2.1 2.0 to 1.5

Ni-4.7Si 2.8 to 2.3 1.9 1.7 to 1.9I

Ni-4.7Si 1.8 1.7 1.8 to 1.9

Ni.5.2Si 4 2.6 to 2.0 1.8
Ni-5.2Si 4 3.0 to 1.8 1.8

Ni-4.4Si-0.114g 7 2.4 2.0 to 3.6
Ni-4.4Si-0.1M 10 to 4 4.3 to 2.2 1.8 to 3.4

(a)values derived from duplicate experiments
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TABLE 4(b)

VALUES ( a ) OF THE EXPONENT m AT 1000, 1100 AND 1200*C

Temperature m for period m for period m for period
Alo c 0.1 h < t < I h 1 h < t < 10 h 10 h < t 164 h

Ni-0.9Si 1000 2.24 1.a8 1.9 to 2.4
Ni-0.9Si 1000 1.99 1.89 2.0 to 2.2

Ni-0.9Si 1100 1.95 2.01 2.06
Ni-0.9Si 1100 2.01 2.04 2.03

Ni-0o.9Si 1200 2.03 2.20 2.2 to 1.9
Ni-0.9Si 1200 1.85 2.45 2.1 to 1.8

Ni-5.2Si 1000 3 2.4 2.4
Ni-5.2Si 1000 5 2.6 to 2.0 1.6

Ni-5.2Si 1100 4 2.6 to 2.0 1.8
Ni-5.2si 1100 4 3.0 to 1.8 1.8

Ni-S.2Si 1200 2 2.3 to 3.7 3.0 to 2.4
Ni-5.2Si 1200 >4 3.0 to 2.4 2.2

(a)values derived from duplicate experiments.
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MI. I Schematic representation of the transport of reactants
for the high temperature oxidation of nicel. The
dominant diffusion process contributing to oxide growth
is outward diffusion of nicel ions, which can be
described also in term of an inward flow of nickel ion
lattice vacancies Vjj. Inward oxygen diffusion via
oxide grain boundaries also contribute* to oxide growth,
and an electron hole current flows to balance the nicel
ion chargo transport.
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